Brittleness is an important evaluation parameter in shale fracturing. Current methods of brittleness evaluation can be classified into two categories: elastic parameter-based and mineral content-based methods. However, both categories neglect the effect of anisotropy on the brittleness index (BI) computation of shale resources. We have redefined a new BI by integrating failure criteria stress and anisotropy parameters estimated (BIac) from seismic waves. According to the new definition, the BI at one analysis point varies with the incident angle of the seismic wave and confining pressures. We applied the BIac method to laboratory-measured shale samples acquired from the Monterey Formation, Santa Maria Basin. We found that the delta parameter δ is more responsive to the BIac than the gamma γ and epsilon ε anisotropic parameters, and it indicates a good linear fit relationship with the BIac at different angles. The slope of the linear is variable with the angles, thus delta can be used to predict the BIac in the Monterey Formation, Santa Maria Basin.
Introduction
Unconventional energy has become a major field of oil and gas exploitation resources worldwide (Wang and Gale, 2009) . Shale develops in 75% of clastic sedimentary basins and covers most hydrocarbon reservoirs (Hornby, 1998) . As one of the clean energy resources, shale gas has gained increasing attention from industry and academia (Zhu et al., 2011) . Shale has very typical anisotropic characteristics. This anisotropy is manifested in its electrical and elastic properties. The anisotropic features are also exhibited in elastic waves at low and high frequencies. The distribution of organic matter in clay minerals and the stratified developmental characteristics of parallel layers lead to the anisotropic characteristics of shale (Sone and Zoback, 2013a) . The reason why shale anisotropy research attracts so much attention is that ignoring it results in errors in seismic data processing, petrophysical analysis, seismic interpretation, and hydraulic fracturing (Sone and Zoback, 2013b; Thomsen, 2013) . The porosity, permeability, fracture characteristics, total organic carbon (TOC) content, and brittleness index (BI) of shale reservoirs are key parameters in the evaluation of shale formations.
The TOC content is an important parameter for shale geophysical evaluation, and it is directly reflected in the geophysical response (Vernik and Milovac, 2011; Zhu et al., 2012) . The TOC content affects the porosity, elastic modulus, elastic anisotropy, and geomechanical behavior of shale formations (Sayers, 2013a) . The brittleness estimation of resource plays is one of the most important tasks in unconventional reservoir characterization. The concept of brittleness, which was proposed by Yarali and Kahraman (2011) , is defined as the capacity of a rock formation to undergo failure and retain fractures during hydraulic fracturing. In conventional reservoirs, measurements of brittleness are mainly used to evaluate the suitability of coal-bearing formations for drilling, cutting by sawing, and mechanical extraction (Jin et al., 2014) . In unconventional shale reservoirs, brittleness provides key information to evaluate the capability of the formation on creating an effective fracture network that conducts the hydrocarbons to the borehole (Zhang et al., 2015) .
There are nearly 20 methods to determine brittleness, and those methods can be mainly classified into three groups: (1) direct measurements of stress and strain in the laboratory, (2) measurements of mineral content, and (3) empirical procedures that use elastic moduli. The direct brittleness determined using the stress and strain in the laboratory is a static measurement. The mineral content-based method uses the mineral analysis of shale samples. However, direct and mineral-based brittleness estimation cannot provide a 3D brittleness perdition due to the limited amount of samples. Empirical methods based on elastic moduli are widely accepted and used in industry. The most famous method was proposed by Rickman et al. (2008) . Rickman et al. (2008) suggest that the renormalized Poisson's ratio and Young's modulus can be used to calculate the BI (Higgins et al., 2008) . However, Rickman's method ignores intrinsic anisotropy shale formations. The well-aligned organic matters in shale and other minerals make the shale formation illustrate anisotropy characteristics (Sone and Zoback, 2013a) . As a result, Poisson's ratio and Young's modulus should exhibit anisotropy features (Luan et al., 2014) . Therefore, the brittleness estimation of shale using elastic moduli is also anisotropic and varies with orientation along which we measure the capability of producing fractures. Luan et al. (2014) and Higgins et al. (2008) study the anisotropy features of BI for shale samples. These samples have different degrees of cementation. They compute the BI using the ratio between anisotropic Young's modulus and Poisson's ratio obtained in the laboratory.
Another shortfall of current popular BI estimation is that those methods ignore the rock physics behavior of shale formations. The failure criterion of rock is one of the original concepts used to determine the stress conditions of fracture and fail for brittle rocks (Cho and Perez 2014) . Wang et al. (2015) propose a method using an anisotropic brittleness criterion index that takes into account parameters of anisotropy, failure criteria, and the angle between the axis of symmetry and the propagating direction (Cho and Perez, 2014) . However, this method does not consider the S-wave splitting of vertically transversely isotropic (VTI) media that result from changes in the incidence angles of seismic waves. The Swave can affect the comprehensive and accuracy of BI estimation. The comprehensive S-wave information can more accurately reflect the elastic information and fracturing information of the rock in the shear direction.
Ignoring the anisotropy characteristics and failure criterion of shale formations would result in errors in seismic data processing, petrophysical analysis, seismic interpretation, and hydraulic fracturing design (Sone and Zoback, 2013a; Thomsen, 2013) . In this paper, we define BI by considering parameters estimated from the slow and fast S-wave, the anisotropy along a different orientation, and the failure criterion stress. This method is applied to shale samples in the formations of the Santa Maria Basin. We further discuss the relationship among brittleness, porosity, and TOC under isotropic, anisotropic, and anisotropic conditions with failure criterion stress. The relationship between confining pressure (Pc) and BI under different TOC was also studied. These studies help us better understand the effects of anisotropic parameters, the orientation along which we measure the brittleness, incident angle, critical tensile stress, and Pc on shale BI evaluation.
Theory and method
Shale anisotropy is currently the focus of academic and industrial research (Chopra et al., 2012; Guo et al., 2013; Sone and Zoback, 2013b; Marfurt, 2014) . The shale is usually characterized by transversely isotropic (TI) media. Its axis of rotational symmetry is perpendicular to the bedding plane (Sayers, 2013b) . Anisotropy has a significant influence on the determination of the BI and fracture mechanics of shale formations, and neglecting the anisotropy of shale will lead to errors in the following parameter calculations (Heidari et al., 2014) .
Anisotropy background of shale
Shale has obvious anisotropic characteristics. Due to the horizontal distribution of its deposition and that its axis of rotational symmetry is perpendicular to the bedding plane, it has often been reduced to a VTI medium model for research by academia and industry ( Figure 1 ). Its elastic stiffness matrix can be expressed as
Here, C ij is the elastic stiffness constant. Three anisotropic parameters can be expressed by stiffness coefficients: The parameters ε and γ represent the intensities of the P-wave and the S-wave anisotropy, respectively. The term ε represents the difference between the vertical and horizontal directions of the longitudinal wave velocity. The larger γ is, the greater the shear strength of the transverse wave. The physical meaning of parameter δ is not as clear as epsilon and gamma, but it also control the wave propagation, especially the wave propagation in the vicinity of the vertical direction. For isotropic media, ε, γ, and δ are all zero.
To calculate the elastic stiffness constant C ij , the three-plug method was proposed by Vernik et al. (1994) , which involves measurement of the velocities of S-and P-waves in directions perpendicular (0°), parallel (90°), and diagonal (45°) to the axis of symmetry using core plugs aligned in these three directions:
;
; 
Full-angle anisotropic brittleness index The actual shale is not an ideal VTI medium (Yang and Jun, 2018) . S-waves are split into S v and S h waves when the inclination of the phase angle is not equal to zero (Figure 2 ). The TI media elastic wave phase velocity at the moment is 
where V P ðθÞ, V sh ðθÞ, V sv ðθÞ, and ρ are the velocity of the P-wave, S h -wave, S v -wave, and the density of shale in "θ" degree, respectively. The term θ is the angle between the measuring direction and axis of symmetry of the TI medium. We substitute equation 4 into the formula for Young's modulus and Poisson's ratio proposed by Sharma and Chopra (2015) and Xiong et al. (2018) and equations 5 and 6 can be obtained
Then, we put equations 5 and 6 into Rickman's BI calculation formula (Rickman et al., 2008) . The full-angle BI is derived (equations 7-9): BðθÞ sh ¼ EðθÞ sh;n þ vðθÞ sh;n 2 : 
where BðθÞ is the full-angle anisotropic BI. It takes into account the angles, anisotropy parameters, and full wavefield information. From equations 7 to 9 based on Rickman's method, we obtain the shale BI caused by different angles and different fluctuation directions. Figure 3 shows a BI from 0°to 360°in the clockwise direction. The numbers 1, 2, 3, and 4 represent the first, second, third, and fourth quadrants, respectively. Due to the symmetry of the four quadrants, the value of the BI just needs to be computed in one quadrant.
Full-angle anisotropic BI with failure criteria stress (BIac)
The theory of the Griffith energy balance indicates that a high Poisson's ratio and a low Young's modulus mean more favorable conditions for rock failure (Kartashov, 1978; Wang et al., 2015) . The decrease in Young's modulus would reduce the critical tensile stress required to generate crack growth (Kartashov, 1978; Cho and Perez, 2014) . Therefore, the BI of shale under hydraulic fracturing cannot be accurately reflected only by the Young's modulus and Poisson's ratio. To solve this problem, the critical tensile stress parameters are used to balance the anisotropic BI (equations 7-9): (10) where T C ðθÞ is the critical tensile stress in θ degree, γ is the surface energy per unit area, and c is the crack radius. We cannot accurately obtain the parameters γ and c of each crack. It is assumed that the crack is expanding to the same size. Thus, we consider ffiffiffiffiffiffiffi γ∕c p to be a constant, and we use ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi πEðθÞ∕4ð1 − vðθÞ 2 Þ p to balance full angles anisotropic BI with failure criteria stress: 
The greater the Young's modulus, the stronger the brittleness. However, a greater Young's modulus would increase the critical tensile stress, which leads to the need for greater force to create crack growth (Kartashov, 1978; Cho and Perez 2014; Yin et al., 2017) . To balance this deficiency in equations 7 and 8, we have now combined it with stress failure criteria:
BðθÞ sh T C ðθÞ sh;n ; B C ðθÞ sv ¼ BðθÞ sv T C ðθÞ sv;n :
To average calculation of normalized BI calculated from two kinds of S-waves:
where B C ðθÞ is the full-angle anisotropic BI with failure criteria stress (BIac).
Application and discussion
Full-angle anisotropic brittleness index with failure criteria stress We apply the Rickman's method, full-angle anisotropic BI, and full-angle anisotropic BI with failure criteria stress to laboratory measurements of the shale sample obtained from the Monterey Formation, Santa Maria Basin. Figure 4 shows the Rickman's method BI at full angles (0°-360°) with different TOC. They indicate that the values of the BI are independent of the bedding plane angle, whereas they increase with decreasing TOC. Figures 5 and 6 show the anisotropic BI at full angle at the same point based on the S h and S v waves (equations 7 and 8), which represent the degree of crack fracturing in different directions. As a result of the existence of anisotropy, the BI calculated in the full wavefield changes from a scalar to a vector. In addition, under different TOC, changes in angles allow a great diversity of the BI. However, the maximum value of BI decreases with increasing TOC similar to the method proposed by Rickman et al. (2008) . Figure 7 shows the final result of anisotropic brittleness in the full wavefield. A comparison with Rickman's method of isotropic calculation found that shale brittleness indices show variations with angles and that variations in the brittleness indices of shales with different TOC at angles are not the same. It also illustrates that the brittleness of a shale is related to the TOC. In Figures 8 and 9 , Interpretation / August 2019 T641 failure criteria stress is introduced to calculate the anisotropic brittleness at full angles. This method was developed for computing the anisotropic BI at full angles in the full wavefield, whereas we introduced the fracture propagation parameters from engineering mechanics to mitigate the shortcomings of the previous method (Figure 10) . From Figures 4 to 10 , it is shown in turn that as the parameters increase, the value of the shale index becomes more and more accurate as the angle changes. The consideration of the stress criteria stress factor makes the shale BI more in line with the engineering mechanics evaluation criteria.
The effect of rock properties on full-angle anisotropic BI with failure criteria stress Rock properties such as the shale's TOC, mineral composition, and porosity affect the elastic mechanics characteristics of the shale, and at the same time provide anisotropic characteristics. Figure 11a provides the relationship among the shale BI, the porosity in the isotropic case, and the TOC. In the case of isotropy, the shale BI decreases with the increase in porosity and TOC. In the anisotropic case, the BI at full angle also exhibits the same change characteristics (Figure 11b) . The difference is that the shale BI is characterized by cyclic changes at angles because of the existence of anisotropy. However, previous studies suggest that the porosity and TOC were not the unique reference factor for evaluation and the BI of not all shales decreased with the increase in porosity and TOC. Even if they were the same shales, different perforation angles have various levels of difficulty in shale fractures. Figure 11c shows the relationship between the decrease in the shale BI with the increase of TOC and porosity. It can be seen that the change in angles has an effect on the trends in Figure 11b and 11c . Thus, selecting a right angle is able to find the best BI position for a shale. This phenomenon gave a reasonable explanation for the integration of shale BI evaluation. The limited early single mineral calculation method and Rickman's method need to be corrected.
We chose several representative angles from anisotropic brittlenesses: 0°, 30°, 45°, and 90°for performing an analysis between anisotropy parameters and BI. Figure 12 shows, respectively, the full-angle brittleness anisotropy and the relationship among the anisotropic parameters ε, δ, and γ. There is no better linear relationship between ε and γ and the brittleness anisotropy at full angles (Figure 12a and 12c) . For ε, when ε is greater than 0.12, the BI changes little with ε. For gamma, there is no change in consistency between the BI and γ. The term δ shows a good linear relationship (Figure 12c ). Parameter δ can be Previous studies have demonstrated that the anisotropy of BI, so the shale at different angles should have a different linear relationship at different angles between the anisotropic parameters and the anisotropy brittle index because it has different characteristics such as porosity, TOC, and mineral content. Figure 13 shows, respectively, the relationships between the fullangle BI with the failure criteria stress and anisotropy parameters ε, δ, and γ. Among them, BIac has a linear relationship with ε at 0°and 45°; at 0°, 30°, 45°, and 90°, the linear slope between δ and BIac showed a larger difference, in which the slope value is larger at 30°a nd 45°, with the influence of anisotropy on BIac being the largest. The parameter γ has shown no obvious linear relationship. Figure 14 shows the relationship between the Pc and the isotropic BI under different TOC. In Figure 14a , TOC is 0.19%, the BI reaches its peak when the Pc increases to 40 MPa. Also, the brittleness reaches its maximum when the TOC increases to 8.12% at 2 MPa (Figure 14c) .
The anisotropic BI in the full wavefield ( Figure 15 ) and BIac (Figure 16 ) conducted an in-depth research on this issue. By using the MTS instrument for the triaxial Pc test, we obtained the longitudinal and transverse wave velocities of the shale under different Pc conditions, and then we calculate its various brittleness indices. In addition to the same characteristics as in Figure 15 , we found that at any TOC, the maximum BI value changes with PCs at angles; that is, a certain given Pc value cannot always maintain the maximum BI value Figure 11 . The relationship among the shale BI, the TOC, and porosity: (a) isotropic condition, (b)anisotropic condition, and (c) anisotropic condition with failure criteria stress. at full angle. The BI is a dynamic change process. When we evaluate the BI distribution and service fracturing design, we must consider different pressures, angles, TOC, and so on. Figure 16 displays the most comprehensive characteristics of this multiparameter in the BI evaluation. 
Conclusion
We demonstrate that the brittleness of the shale formation is an orientation-dependent parameter. The maximum BI is not always parallel or perpendicular to the bedding plane of shale formations. Anisotropic parameter δ demonstrates a better linear relationship with the BI, and the slope of the linear relationship varies with the orientation along which we measure the brittleness. As the δ increases, the BI shows a tendency to become smaller. The analysis between Pc and the BI indicates that Pc heavily affects the brittleness computation. However, the BI does not proportionally vary with the value of the Pc. The Pc required to reach the maximum BI also varies with orientation along which we measure the brittleness of the rock. The proposed brittleness computation can be used to determine the optimum orientation along which we should perform hydrofracturing of the shale formations.
